The Hedvall effect was used to investigate the reactivity of calcium silicate hydrates (C-S-H) with variable C/S ratios. The solid state reaction between silver nitrate and various C-S-H preparations occurring during the crystalline transition of silver nitrate was evaluated. Thermal methods as well as microscopic and X-ray diffraction analyses were employed to study the nature of the reaction products and estimate the chemical reactivity of the C-S-H systems. The overall reactivity included cationic and anionic species; namely both calcium and silica entered into the reaction. Silver silicate was identified as one of the reaction products.
Introduction
Two materials that are totally unreactive with each other at room temperature in the solid state may react at higher temperatures when one of them undergoes a crystalline transition. The rate and extent of these surface-activated chemical reactions in the solid state, which basically depend on structural imperfections, are normally increased during and as a consequence of crystalline transformation in materials. 1, 2 The thermodynamic changes during this reaction can be detected with a thermal analysis instrument and can be used to investigate the chemical reactivity of a solid material. This type of reaction, commonly known as the Hedvall effect, has been applied for studies of the interaction between various chemical compounds, including alkaline oxides and silver salts. 3 Ramachandran and Sereda applied this technique for the first time in cement science to study the reactivity of some cement compounds such as C 3 S (cement chemistry nomenclature C = CaO; S = SiO 2 ; H = H 2 O), âC 2 S, hydrated C 3 S and Ca(OH) 2 . 4 They concluded that C 3 S was four times more reactive than âC 2 S.
The structure of amorphous calcium silicate hydrate (C-S-H), the main reaction product of the hydration of Portland cement, is not fully resolved. 5 Synthesised crystalline C-S-H has been studied for its role in cement chemistry. [6] [7] [8] The chemical stability of cementitious materials in various environments is one of the important issues related to sustainable development and durability. Evaluation of the chemical reactivity of different C-S-H preparations is essential for the development of more chemically stable cement-based materials. In their study, Ramachandran and Sereda concluded that all the Ca in C-S-H, including that in the interlayer, is equally reactive. 4 A variation in the C/S ratio of the C-S-H produces different physical and chemical characteristics of the material, although the nanostructure has similarities. 9, 10 There are also at least two distinct types of C-S-H present in the hydration products of Portland cement. [11] [12] [13] [14] In this study, the relative reactivities of C-S-H (with different C/S ratios), Ca(OH) 2 and hydrated C 3 S were evaluated applying the Hedvall effect. There is a reaction between the mixture of each of these materials and AgNO 3 when they are heated through the transition temperature of silver nitrate (approximately1908C) and they quickly form a reciprocal pair (this involves the mutual exchange between two molecules, for example, BaO + CaCO 3 ¼ CaO + BaCO 3 + Q). An exothermic peak on cooling in a thermogravimetric analysis (TGA)-differential scanning calorimetry (DSC) experiment, due to the recrystallisation of the unreacted silver nitrate is observed. The peak area is calibrated so that the amount of unreacted AgNO 3 can be determined for each reaction. The relative reactivities of the compounds can be evaluated by a comparison of the percentage of reacted silver nitrate with respect to the estimated C-S-H formula weight.
Experimental procedure

Materials
C-S-H samples, with five different C/S ratios, were prepared using stoichiometric amounts of CaO and amorphous SiO 2 . The CaO was produced by heating precipitated CaCO 3 at 9008C for 24 h. The CaO was purged with nitrogen gas and stored in a desiccator. The amorphous silica (Cabosil) was dried by heating at 1108C overnight. The C-S-H samples at C/S ratios of 0 . 6, 0 . 8, 1 . 0, 1 . 2 and 1 . 5 were formed in the following manner. The reactants were placed in high-density polyethylene (HDPE) bottles. Distilled decarbonated water was then added [water/solid (w/s) ratio ¼ 10] and the bottles were continuously rotated (16 rpm) for a period of 180 days at room temperature. The gel-like material was then filtered to remove excess water, dried under vacuum for 4 days and then stored in nitrogenpurged glass vials.
Hydrated C 3 S (30 years) at a w/s of 0 . 50 was also investigated. Reagent grade silver nitrate (Fisher Scientific) and calcium hydroxide from Anachemia were used. The C-S-H, Ca(OH) 2 and hydrated C 3 S were ground with a mortar and pestle and dried for 5 h under vacuum at 1008C. All the materials including the AgNO 3 were sieved through mesh No. 100. Mixtures of 90% AgNO 3 and 10% of each of the samples by mass were placed in amber glass vials and shaken for 1 min using a Spex mixer in order to get a homogenous mixture of dry reactants.
Thermogravimetric analysis-differential scanning calorimetry A 7 mg sample from the blended material was heated to 2508C in a simultaneous (TGA-DSC) SDT Q600 T.A. instrument at 108C/min under a 100 ml/min flow of nitrogen gas. The sample was held at this temperature for 10 min. It was then cooled at 108C/min to 1008C. This test was also conducted on pure silver nitrate and C-S-H. The mass change and heat flow measurements were determined. The test was repeated for the C-S-H samples in order to minimise any errors due to possible inhomogeneity of the mixtures. The results were interpreted based on the average of the two readings.
For calibration purposes, DSC was conducted on a series of samples containing mixtures of various percentages of SiO 2 (ground silica sand) and AgNO 3 . As there is no chemical reaction between silica and silver nitrate, the area under the exothermic peak is attributed to AgNO 3 . A calibration curve was obtained by plotting this area against different proportions of the silver nitrate. The DSC was also conducted on an empty crucible with a 10 mg platinum wire in order to correct the baseline deviation.
X-ray diffraction
The residue after heat treatment in the TGA was collected from the crucible for X-ray diffraction (XRD) analysis. The XRD measurements were performed using a Scintag XDS 2000 diffractometer and CuK AE radiation. Spectra were obtained in the range 48 , 2Ł , 858 using a step size of 0 . 038 at 5 s intervals.
Scanning electron microscopy-energy dispersive spectrometry Scanning electron microscopy (SEM) images were collected using an Hitachi S-4800 field emission scanning electron microscope. Surface structure images were taken using a beam current of 10 mA at 3 . 2 3 10 À16 J (2 kV). Images were acquired using an integrated frame capture with 32 frames to reduce random noise, at a working distance of 8 mm and each area of interest was captured using a series of field magnifications from 5000 to 80 000. Back-scattered images were obtained for approximate elemental composition. Energy dispersive spectrometry (EDS) was used to determine the elemental content of areas of interest. The EDS spectra were acquired using a beam current of 10 mA at 3 . 2 3 10 À15 J (20 kV). Spectral images and data were obtained using a working distance of 15 mm. Semi-quantitative results were based on ZAP software database reference values and are an indication of relative elemental content rather than absolute values as no reference standards were used.
Material characterisation
The thermogravimetric curves (mass loss against temperature) were qualitatively and quantitatively similar to that reported for the C-S-H gel. 15 In the C-S-H preparations with C/S ratios higher than 1 . 5, some free Ca(OH) 2 remained. The C/S ratio of these samples was therefore usually lower than the initial proportions. TGA shows that almost no free lime existed in other C-S-H preparations.
Results and discussion
The applicability of the Hedvall effect described in this study relates to the interaction of cement hydrates (C-S-H) and silver nitrate by heating the mixture from ambient to 2508C. Pure silver nitrate has two endothermic peaks in the heating cycle at 174 and 2108C ( Fig.  1(a) ). The first one is due to the AE to â crystalline transition and the second peak is caused by the transition from solid to liquid phase. 16 On cooling, however, there is only one exothermic peak (at 2028C) indicative of the re-crystallisation of silver nitrate ( Fig. 1(b) ); 4 there is no mass change.
It appears that both endothermal events on heating merge into one single exothermal event on cooling. This is based on the observation that if reheated, the residue from the first heat cycle produces exactly the same two endothermal peaks. However, the heat equilibrium conditions are not fully satisfied as evidenced by the sum of the areas under the endothermal peaks which is greater than the area under the exothermal peak. It is suggested that other phenomena may be involved that fulfil the requirements for equilibrium since all peaks can be reproduced.
The calibration curve of the exothermic peak that occurs on cooling based on the heat flow in the mixture of silver nitrate and silica is shown in Fig. 2 . There is a linear correlation between the area under the exothermal peak and the amount of initial silver nitrate in the mixture. This calibration curve can be used as a reference to estimate the area under the exothermic peak if the total amount of silver nitrate remains unreacted (A 0 ). When a reaction occurs between the test material and some of the silver nitrate, the area of the exothermic peak (A x ) representing the amount of unreacted silver nitrate will be less than A 0 . Therefore an estimate of the reacted amount of AgNO 3 (R AgNO 3 ) can be expressed as
The chemical reactivity of calcium hydroxide and C-S-H can accordingly be evaluated as described in the following sections.
The heat flow and mass change derivative obtained by TGA-DSC analysis of the mixture of reagent grade calcium hydroxide and silver nitrate are shown in Fig.  3 . On heating, there is a sharp peak in the mass loss derivative curve at a temperature of almost 1908C. It is situated at a temperature between that of the two endothermic peaks (heat flow curve) close to the initiation temperature of the second peak. It is known that the solid state reactions happen in association with the crystallographic transformation state and at temperatures that approximately coincide with appreciable selfdiffusion of the reactants. 1, 17 This mass loss accompanies the decomposition of the reactants and the release of some gas from the system as a result of the reaction. Possible gases can be H 2 O from the decomposition of the calcium hydroxide or H 2 from unstable silver hydroxide that can be formed during the chemical reactions. However, the reaction product itself does not appear to have an obvious effect on the heat flow curve. This might be interpreted to mean that, as a result of the Hedvall effect, the final products consist of only a mixture of decomposed materials. It should be noted, however, that none of these materials taken separately decompose at this temperature.
On cooling, there is an exothermic peak (not shown) corresponding to the recrystallisation of unreacted silver nitrate. Using the calibration curve, it is possible to estimate the reacted proportion of silver nitrate (R AgNO 3 ), which is 37 . 8%. Therefore, assuming that 2 moles of AgNO 3 react with 1 mole of Ca(OH) 2 , it is estimated that 74 . 2% of the calcium hydroxide has reacted. Theoretically, all of the Ca(OH) 2 should react with AgNO 3 . The 25 . 8% of the calcium hydroxide that did not react, might possibly be due to the relatively high rate of heating since the reaction between Ca(OH) 2 and AgNO 3 might not be instantaneous. 18 Results for the heat flow curve and the mass loss (Fig. 4) are similar to that occurring in pure silver nitrate. However, there is a small shift at the start of the second peak for C/S ratios of 1 . 2 and 1 . 5. Mass loss derivative curves (Fig.  5 ) reveal a mass loss near the temperature of the second endothermic peak. It can be seen that there are two peaks on the mass loss derivative curve for C/S of 1 . 0, 1 . 2 and 1 . 5, occurring at temperatures of about 196 and 2088C, respectively. The temperature of the first peak is very close to that in the reaction between reagent grade Ca(OH) 2 and silver nitrate (Fig. 3) . It is also known that in C-S-H with a high C/S ratio, there is some free lime and Ca 2þ in the interlayer region. 5 It is suggested that the first peak is associated with minor amounts of Ca(OH) 2 . The second peak, which is also present in low C/S ratio C-S-H, is probably an indication of the association of interlayer lime within the structure of the C-S-H.
In the TGA-DSC experiments the same heating cycle on pure C-S-H (not shown) did not result in any endothermic or exothermic peak within the range of temperatures utilised in the Hedvall effect study and the mass loss was trivial in comparison with that caused by reaction with silver nitrate. As mentioned in the materials section, the C-S-H was initially dried at 1008C before the Hedvall effect experiments. This treatment removes almost all the evaporable water.
The heat flow and mass loss derivative curves of mixtures of hydrated C 3 S and silver nitrate (Fig. 6 ) are very similar to those for the C-S-H -silver nitrate mixture prepared at a C/S ratio of 1 . 5. The existence of two peaks on the mass loss derivative curve can be . Derivative mass loss and heat flow curves for fully hydrated C 3 S subjected to a heating cycle considered as additional evidence for the similarity between the chemical properties of synthetic C-S-H with C/S ffi 1 . 5 and naturally forming C-S-H produced in the hydration of Portland cement. 19 Furthermore, the mass loss derivative peaks for the hydrated C 3 S are sharper than those for the C-S-H formed through the reaction of CaO and SiO 2 . This is probably due to the existence of more crystalline free lime in the hydration of C 3 S in addition to the calcium hydroxide within the structure of C-S-H since Ca bonds at similar structural locations are likely to be active at the same temperature. In C-S-H with variable C/S ratio it is suggested that the various degrees of local polymerisation may result in a wider range of temperature under which a solid state reaction occurs.
The heat flow cooling curves for C-S-H samples are presented in Fig. 7 . There is an obvious difference between the exothermic peaks of C-S-H at C/S ratios of 1 . 0 and below. C-S-H samples with a high C/S ratio (i.e. 1 . 2 and 1 . 5) have just a single peak on cooling that is an indication of the recrystallisation of unreacted silver nitrate. This peak occurs at a temperature of about 1838C and is similar to the location of the corresponding peak following the reaction of Ca(OH) 2 with AgNO 3 . C-S-H at lower C/S, however, exhibits two exothermic peaks at temperatures of about 191 and 1658C. C-S-H at C/S ¼ 1 . 0, demonstrates intermediate behaviour. A second peak exists as a shoulder on the main peak. Different characteristics have been observed in C-S-H systems depending on the C/S ratio with a transition occurring at a C/S ratio of 1 . 0-1 . 2. 14 The formation of these two peaks suggests the possibility that two different crystalline materials are solidifying on cooling. It may also be a result of recrystallisation of silver nitrate at different temperatures caused by the existence of nearby molecules in the bulk mixture of the materials with different heat capacities. In order to evaluate this, an XRD analysis was conducted on the residue after the reaction of C-S-H (C/S = 0 . 6) with silver nitrate. The XRD spectrum matched that of pure silver nitrate well (Figs 8(a) and (b) ). It is an indication of only one phase caused by the masking effect of a large amount of unreacted AgNO 3 present in the residue.
In order to examine this possibility, a mixture of 10% silver nitrate and 90% C-S-H (C/S, 0 . 6) was prepared for the Hedvall effect test. All of the AgNO 3 was consumed in the reaction with an excessive amount of C-S-H and the residue contained some unreacted C-S-H and the reaction products. XRD analysis was conducted on this residue (Fig. 8(c) ). This spectrum is different from that of pure C-S-H (C/S, 0 . 6, Fig. 8(d) ) and has additional relatively high intensity peaks at a 2Ł of about 31-368.
The JCPDS database was searched for possible fits. Based on the initial assignments for the reaction product, the main peaks of silver silicate (ID No. 37-0344) with the chemical formula of Ag 2 SiO 3 appeared to conform well with these unknown peaks marked in Fig.  8(c) . The research work upon which this spectrum was based, employed a solid state reaction between calcium silicate or sodium silicate and silver nitrate in a heating cycle up to the temperature of 3008C. 20 It is thus possible that silver silicate forms in the solid state reaction between C-S-H and AgNO 3 .
Further evidence was obtained by conducting a TGA-DSC experiment on the residue after the solid state reaction between C-S-H and silver nitrate. Heat flow curves for a second cycle of heating and cooling are presented in Fig. 9 . The heating cycle resulted in shoulders on both endothermic peaks. This suggests that if a new product has formed it has a phase transformation and melting point that is similar to silver nitrate. On cooling, two peaks are also observed again. The residue of the reaction between silver nitrate and the excessive amount of C-S-H (C/S = 0 . 6) was heated up to 10008C (curve not shown). There was only one significant mass loss at temperatures between 390 and 5408C with a peak in the derivative mass loss curve at 4678C. A gradual mass loss up to 9508C exists that can be attributed to the decomposition of C-S-H. The main mass loss (about 3 . 7%) at 4678C seems to be related to the silver silicate as its different crystalline forms have been reported to have a decomposition temperature of 400 or 4618C. 20, 21 Scanning electron microscopy analysis of the residues remaining after TGA for various C/S ratio C-S-H preparations revealed three different phases. also show that in the background there is mixture of Ag, Ca and Si that is probably the main reaction product. In the small granular elements that generally have angular shape, Ag and Si exist but no Ca. A high resolution SEM image of one of these particles is shown in Fig. 12 . This compound might be a crystalline form of the silver silicate evidenced by XRD and TGA results. The morphology of this particle has similarities with those micrographs for the product in the Ag 2 OSiO 2 system. 22 The presence of two exothermic peaks in the cooling cycle of the heat flow curves for C-S-H -silver nitrate mixtures indicate that silver nitrate recrystallises at two different temperatures. Therefore, the area under both exothermic peaks should be taken into account in the reactivity calculations. It should also be noted that the overall reactivity of the C-S-H represents the reaction of both cationic and anionic species in the structure of C-S-H.
The areas under the exothermic peaks in the Hedvall effect test for various C/S ratio C-S-H materials are given in Table 1 . There is no significant difference in the area between various C/S ratios. The exothermic peak area from the calibration is also about 92 . 5 J/g for all tests since the mix proportions were similar. Accordingly, the reacted silver nitrate (R AgNO 3 ) can be calculated. In order to evaluate the reactivity of C-S-H, we need an estimate of its stoichiometry first. C-S-H is not a highly crystalline material and it is very difficult to precisely determine the proportion of CaO, SiO 2 and H 2 O in its structure. 23 In this study we simply used the TGA instrument to heat the sample (at a rate of 108C/min under the flow of nitrogen gas) up to 1008C. The sample was kept at this temperature for 3 h. The temperature increase was then continued to 10008C and the mass loss in this part of the heating cycle was considered to be due the removal of chemical water in the structure of C-S-H. Using a pre-determined CaO/ SiO 2 ratio, the stoichiometry can then be calculated. This approach was considered satisfactory for the Hedvall effect test. The stoichiometric formula was expressed as xCaO.SiO 2 .yH 2 O, where x is the C/S ratio. The values of y are given in Table 1 . The formula weight of C-S-H was expressed as 56 . 1x + 60 . 1 + 18y. Formula weights were used as the molar weights of C-S-H were indeterminate due to the ill-formed nanostructure. Thus the number of formula weights of C-S-H in the mixture can be calculated for different C/S ratios. The reactivity of C-S-H is therefore expressed by the number of formula weights of C-S-H reacted per mole of AgNO 3 .
The chemical reactivity of C-S-H determined by the Hedvall effect test, decreased as C/S ratio increased (Table 1) with the exception of C/S ¼ 1 . 2. At low C/S ratio more SiO 2 sites are available for producing silver silicate. More reactive Ca þþ might also be present in the structure of C-S-H. Therefore, more silver nitrate is consumed in the solid state reaction with C-S-H of low C/S ratio. It is assumed that all C-S-H is reacted in the Hedvall effect test 4 and the amount of reacted AgNO 3 is an indication of the overall reactivity of C-S-H.
The surface area of C-S-H increases significantly at low C/S ratios (0 . 6 and 0 . 8) as shown in Table 1 . The chemical reactivity of a material is generally dependent on its surface area. In this study, although the chemical reactivity of C-S-H determined by the Hedvall effect was the highest corresponding to the highest surface area, the reactivity did not necessarily correlate with the surface area. This may indicate that other factors such as nanostructural defects, the reactivity of the interlayer lime and the structural bonds of the various elements (Ca and Si) can influence the reactivity of C-S-H.
Conclusions
(a) The Hedvall test is a very quick and elegant method of evaluating the reactivity of various compounds of relevance to cement chemistry. This method can be used to determine the overall reactivity of C-S-H systems. 
